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11. A Simulation Model of Time-Dependent
N Plasma-Spacecraft Interactions
P.L. Rothwell, A.G. Rubin, and G.K. Yates i

Air Force Geophysiés Laboratory
Honscomn AFB, Mass.

Abstract

A plasma simulation code i8 présented that models the time-dependent plasma
propértiés in the vicinity of a 8pherical, charged spacécraft. After showing
agreement with analytic, steady-staté theories and ATS-6 satellite data, the follow-
ing three problems are treated: (1) transiént pulses from photoemigsion at various
emission temperatures and ambient plasma conditions, (2) spacécharge limited
?lin{sstén.)l and (3) simulated plasma oscillations in thé long-wavelength lirhit /

S << 1).

D

. INTRODUCTION

1.1 Model Objectives

! : Thé objective of this computér model 18 to realistically simulate plasma-
spacecraft intérdctions. It présently tredts time-depefidént plasma phenomend in
the limit of épherical symmetry. Although future plans anticipaté thé incorporatior
of a realistic thre¢-dirmensional spacecraft geometry, undefstinding of the spheri-

x cally jmmietric limit uniquely identifics plasmia effects. In this rharner, it is
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hoped that the model will prove to be a useful tool in differentiating botween plasnia
and geometric phenomena obderved in the SCATHA satellite data.

1.2 Deseription of the Model

We use what is commonly calied a "pafticle pushér' model. That is, one
approximates the actual plasma by a number of "computer' particles whose charge,
position, angular momenturn, and velocity are tracked in time. By properly
weighting these computer particles, reasonable statistice can be obtained néar the
gpacecraft.

Appropriate particle distributions are generated efther by a Monte Carlo
technique or by a systematic loading of the vélocity and spatial ititervals ("quiet
start"). 3

For purposés of comparigon, we have initially restricted oursélves to
Maxwellian distributions. However, both methods (Monte Carlo and Quiet Start)
can easily be exténded to any distribution that can be fnumerically integrated. Once
the neutral plasma is created, the computer tracks the particles and recalculates
the potential at each time step. Particles that hit or are emittéd from the space-
craft are taken into account as well as those that enter and exit the sheath boundary.
Thus, the computerized sheath structuré dynamically evolves in analogy with the
physical situation. Oné may then store the results and restart the program with a
new get of environtriental pararnete:;s.

In Seetion 2 of this paper, we will show the agreemerit of thé present work
with that of other approaches and with the ATS-6 data. Section 3 deals with the
photosheath. The minimum rise time of the gpacecraft potential is determined for
various émigsion temperatures and ambient plasnia paraniéters. Spacé charge
effects are algo discusseéd as well as those due to secondary emission and back-
gcattering. Finally, in Sectlon 4, we illustrate the possible presence of plasma
oscillations by performing "computer expériments" with the code.

2. COMPARISON WITH ANALYTIC APPROACHES

2.1 Comparison with Langmuir Theory

Ab a first atep we éompared our steady-state results with those expécted
from Langmulr theory. 4,5 Figure 1 shows the comparigon. In these results, the
ambient plasma température and density were held fixed and the fixed potential on
the probe (spacecraft) increased. The parametér Iy s the ambfent current to the
probe surfacé dt zero Voltage. it one makes the game assuriptiofi for the model as
for the Langiiulr theory (that is, n6 presheath dcceleration), good agreement 18
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Figure 1. Comparison of the Simulation Codé with the Mott-Smith-
Langmuir Théory. This figure depicts a current-voltage curvé in

the thick-sheath approximation. Theé probe radius is 1 m and the

outer shedth boundary has been set to R = 2 and Rp = 3 in units of

Ap. The dots représent the cose whére there is presheath acceler-
ation. That {8, when the potential at Ry is nonzero

obtained. (Presheath acceleration takes into accourit the dependence of the sheath
sizé on the probe potential. In the code, this is represented by a Bolterartin
factor at the sheath boiifidary. )
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2.2 Compatisen with Stath: Lades

We algo compared our results f1. the steady-state limit to numerical solutions
of the Vliasov and Polisaon eduations. 7 The steady-atate limit {8 reached by
allowing an initially neutral plasmu to form o sheath around a voltage-biased probe.
Figurc 2 shows the code results after 0. 17 msec. In this cxample, the probe has
a bias voltage cqual to minus ten times the average electron energy CXprofs. Jin
electron volts. From Figure 2 it is secn that both methods give the same voltage
profile, but differ gsomewhat for the electron density at large r. This difference
is probably due to the tirme-dependent code not having reached the true steady-
state values.

Figure 3 shows a similar comparison for relatively intense monoenergetic
electron emission from the probe surface. 8 The probe is positively biased at
+2. 0 volts. Theé emission energy is +1. 0 electron volts so that all emitted elec-
trohs return to the probe sutface. The resultant density and voltage profiles show
good agreement. Scatter in the time-simulatioh results can be improved by using
more computer particles. For example, in the present case we used approxiinately
4000 computet iofis and electrons. This number can be significantly increased at
the expense of longer computation time.

2.3 Comparison with ATS-6 Duté

Two charging events in the eclipse region were analyzed from ATS-6 data
supplied by DeForest. 2 The proton and electroh temperature during these events
as well as the simultaheous venicle potential are shown in Table 1. 10 These two r
evehts represent a time when injection of hot plasma took place. Also shown in
Table 1 are the vehicle potentials as predicted from a simple Boltzmann apprexi- {
mation and a thick-sheath approxir .ation to the orbit-lirited Langmuir theory.
The Boltzmann appro-;-iexgaﬂ‘qf\ agsumes that the electron density is closely
e

represented by N, = Ne o P _ Protons are considered to be unaffected.
Therefore, curreént balance is given by

1/2 1/2.
kT -} e, | /KT KT,

e p e . g)
(ﬁ;> © ( B,

or (1)

e'bp/k'i‘e = in [ty m [t m] 1/2 h

where m_ = protori mass, m electron mass, k = Boltemann constant and € is
defined bélow.
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Figure 2. Potential and Density Profiles in the Sheath. Com-
parison of the time-dependent code with a steady-state numeri-
cal solution to the Vlasov-Poisson equations (L. W. Parker,
private communication). The density, n, is normalized to its
ambient value. The potential, V, {s shown normalized to the
electron temperaturée. The parameter, t, is the time at
which the time-dependent results were taken. A negative bias

of -10 kT, volts is on the spacecraft surface. Rp {8 expressed
in units of probe radii
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Figure 3. Comparison of the Time-Dependent Code with a Steady-
State Numerical Solution with Motoenergetic Emission. = patel-
lite radius. PARKSSG is a code developed by L. W. Parker that
includes electron surface emissioit. See reference 8

Table 1. Comparison of Boltzmann-and Langmuir Theories with ATS-6
Data. € =0.16
led| /T, . 3 ‘
Dh{' of Event T, T, Langmuir
1976) P Meas. Boltzmann | Thick-Sheath
59 238.1 8.1 i.15 1.45 1.10
66 12, 8.8 | 0.19 0. 86 0.78
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The Langmuir thick-sheath approximation is more realistic in that it algo

takes into account the effect of the spacecraft potential on the net proton cirrent.
It is given by

: 1/2 1/2
KT, -les_|/xT kT
e | Y e . P
e( é) e (__p) (1+e¢n/k'1‘p) ) )

a transcendental equation in.the satellite potential, dtp. which can.bé reduced to a
quadratic equation in (Te/ T )1/ 2, The parameter, €, ‘x:epreSents the net fractional
electron current to the spacecraft and, thus, takes ihto account. secondary emis-
sion, backscattering and photoemission. In Table L.we have set € = 0. 16 (that is,
84 percent net backsdatter, etc.) for both approximations. Examination of Eq. (2)
shows that in the limit of large proton températures the thick-sheath approxima-
tion reducas to the Boltzmann cage. This is also Seén from Table 1. In both
cases, the Langmuir thick-shesath approximatioa gives better agreement with
measured resilts than the Boltzmann limit.

Insight into the expécted sensitivity of spacecraft voltage to changes in the
ambiént current, canbe seen from Figure 4 which contains a plot of Eq. (2). The
top-half of this figure is a lifiear scale plot of nérmalized voltage to theé et électron
current incident on the spaceécraft normalized to the ambient éléctron current
(with the Boltzmann factor). The bottom half of the figure shows the same curve
on 4 log-log scale plot. These curves will be modified by any voltagé dependense
in € such as space charge limiting effects.

In eonclusion, for large negative spacecraft potentials, the thick-sheath
approximation predicts the avéragé gpacécraft voltage, given the proper material
charactéristics and the ambient eléctron and proton temperaturés. The code is
consistent with the thick-sheath limit, and predicts sheath deénsity and voltage
profiles. The simulation code, however, i8 also valid where the thick-sghesth
approximation breaks down. That {5, where space chéarge and timeé-deépendent
effects become important.

The importance of space charge is determined by comparing the spacecraft
surface charge to the charge residing in the sheath. For large surface potentials
and i.nuous plasmas, spacecraft surface charge is dominant. In that case,
Laplacian solutions with appropriate geometric bouridiary conditions should be
adequate. A .ow vehicle potentials with surface emission, space charge effects
become importani.
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Figure 4. Spacecraft Voltage versus Net Electron Currert as
Norm?a%ized to the Ambient Current (Including the Boltzmann
Factor

3. THE PHOTOSHEATH

3.1 Introduction

_ B incident Sunlight causes the emission of 1ow energy (~2 eV} electrons from
the satellite surface. Thié emission, in a hot plaéma environmernt, sometimes
T swings the satellite poteritial thousands of volts s the satéliite éritérs and émerges
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from the eclipse region. A second effect 6f photoernission is its background
effect 6n ambient plasma density measurements. These measurements must be
corrected for electrons originating on the satellite surface. A third effect of the
photosheéath is its possible interaction with onboard electron emitters éither
through space-charge limiting effécts or by stimulation of plasma oscillations.

In the present code, weé can simulate either monoenergetic or Maxwellian
photoémission. The Maxwellian case is described in detail in Appendix A. The
angular distribution of the emitted photoélectrons follow a cosine law relative to
the surface normal. }! In the following paragraphs, we tonsider photoemission
to be switched "on" at t = 0. This is a worst case condition since satellites
emerge from eclipse over a period of minutes.

3.2 Monoenergetic Emission

Figure 5 ghows the simulation results for monoenergetic emission. The
vertical axis represents the satellite (taken as a 1 m radius sphere) potential
while the horizontal axis denoteés time in microséconds. The satellite ig taken to
be at zero volts at t = 0. Theé bump in each of the curves occurs when the initially
emitted_electrons return to the satellite. The final surface is the result of two
effects. First, émitted electrons do not réturn until the satéllite reaches a voltage

rptlm T sT(4Sev _mgrmyriem®  f,(8)~cosd ign® 1X10°° AMP/m’

| 2
¢ - €
v."‘" T d PHOT

¢, (voits)

Figure 5. Mpnoenergetic Emi~sion in & Tenuous Plasma. The emission is
assumed to be switchéd "on' at t = 0. This represents a worst case cofidi-
tion. The abacissa i8 in microseconds

397

<. . .




e emeSas .

equal to the eriission-eiergy. Secondly, there is a finite transit time for the
réturning electrons. This nieans that the final véltage {s higher than the emission
energy expressed in €lection volts. The dotted lines represent spaceéraft voltage
buildup in the limit where all emitted electrons escape. Further cases regarding
mohosnergetic photoemission can be found in Kats et al. 12

3.3 TransientRise-Time

Figure 6 shows expected surface voltage rise-times at various ambient densi-
ties. In these runs the photoelectrons are emitted with 4 Maxwellian distrikution
with a temperature corresponding to 6 eV. !> The ambient density is thien variec
to determine the rise-timeé.sénsitivity to thé ratio of the photoelectrcn and ambieut
currents. o nn

T, *05ev E not * 66¥ (MAXWELLIAN)  * gy 7 ig, ams
14p v 1n-8 e
2 ighat *1X 10" AMP/m
' =3
y ot NO SECONDARIES. ... « 2857 ng » ec
: e
s e} 03270, s10/ce
a
* ar o 0#8.27n, »10%/cc
2 - ———/a 0.53n, =i0®
W / = n. [l L
o i e _ - - i o i
-2 -
L i i n i A i A i A i i i i s J
o 2 4 3 8 0 2 14 ) 18 20 22 24 26 28 30

t{ug) ==

Figure 6. Spacecraft Voltage Trarnsierits for a Fixed Emission Temperature
and-Various Plasma Dénsities. No secondaries inéluded

In Figure 7, we treat the alternative case. That is, the ambient plasma para-
meters are held constant and the photdemission temperature is varicd. The détted
line represents 100 percent escape efficiency for the emitted electrons. The
steady-state surface voltage, as expected is dependent on emission t:mperature.

The transients shown in Figures 6 and 7 could cause satellite malfunctions if
they reached a criticél logic circuit. Integrated éircuits usually operate ovér
0-5 volts so that & » 2 volt transient through the ground liries would give a false
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Figure 7. Transient Spacecraft Potentials for Strong Photo-

emission at Various Emission Temperaturces. No secondaries
included

signal. The incident surilight flux must change more rapidly than the characteristic
time-constant of the surface materials. Otherwisé, these rise times will not be
significant. Further research into this area needs to be performed.

3.1 Space Charge Limited Eission

Chang and Bienkowskil4 showed that large current emission from a posi-
tively biased probe is inhibited by space-charge buildup in front of the surface.
(Se¢ center Figure 8.) Whipple! used a similar approach to show thiat differential
surface chdarging is necessary to explain the barrier potentials observed on ATS-¢.
In this section, we use the simulation code to produce space-charge effects.
Application is theri made to a floating spacecraft potential with and withisut active
coritrol expériments.

The versatility of thé present code is illustrated in the lefthand side of Figure 8.
The surface potential is held fixed at +6 voits while the electroriernission currerit is
increascd. For a nominal 5+ 1077 A/m? photoeimission current density, no
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CHANG AND BIENKOWSKI
(PHYS. OF_FLUID, VOL.13, 902, 1970)
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Figure 8. Siinulated Maxwellian Emission Showing Potential Barriers.
The leftharid figure sliows thé barrier dépth as a furiction of emission
intensity. (The highieF values of lghdt are, of course, unrealistic and
are used solely to illustrate the birrier). The righthand figurc shows 4
the barrier as a function of surface potential
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potential barrier is observed. Howewer, if the emission is artificially cahanced
to 50 and 500+ 10°° A/m? potential bartiers are clearly evident and inhibit furthes
emisgion. (In these runs, the sheath boundary was chosen at 3 32 m). The cffect
of the potential barrier is such that only 57. 3 pereent, 22.2 pércent and 4.4 per-
cént of the eniitted flux reaches 3. 32 m for the three réspective cases. THese
results show that the simulation code can treat space-charge effects and predict
emission efficiencies. The code can distinguish between ernitted and ambient
particles and, therefore, can bé used to corréect ambient plasma measuremerits.

The depth of the potential well is also dependerit on the satellite voltage. On
the righthand side of Figure 8 we show three curves for the same ambicnt and
emission characteristics but at different surface potentials. For lurge negative
values of the surface potential, the well is completely elimminated since emitted
electrons are rapidly repelled. On the other hand, if the surface potential is too
positive, the emitted electrons quickly return to the emitting surface and a signi-
ficant spacecharge cannot form. Therefore, potential wells are expected for only
a specific range of surface potentials.

The situation i more complex with a floating spacecraft potential. In this
case, both the well depth and the surface voltage are strongly dependent on the net
electron current. Figure 9 shows the expected voltage profile in the sheath at
various emission currents and ambient densitigs. Runs wére taken at three
dengitied n = 1 em™3, 5 em™3 and 10 em~3 with a pHotoemission current of
8.2u A/m2 15 The emitted current was then increaseéd to 40u A/m which is the
limiting photoemission intensity for aluminum. 1 In addition to photoemission,
84 percent of the incident éléctrons wére assumed to cause isotropic secondaries
to be emitted with a Maxwellian énergy digtribution (kT = 2.5 eV). The §4 percent
figure was estimated from ATS-6 eclipse¢ data (Table 1).  Figure 9 shows that
the presence of a potertial well is dependent on a "balance" between the ambient
and emitted currents. Space charge also gives rise to the curious effect that a
spacecraft may have a nét positive charge but be at a neg ive potential relative to
the ambient plasma.

The Figure 9 also shows the maximum barrier to be about -3 volts. These
résults are in agreement with those of Whippleﬁl wlic showed that the barrier
potentials inferred from A1S-6 data are too largé to be explained in terms of a
spherically symmetric photoelectron or secoridary sheath surrounding a uniformly
charged spacecraft. Differential charging between spacecraft surfaces is, there-
fore, riainly responsible for the potentiai barrier. Tiie average sateéllite potential
relative to the aitiblent plasma, However, is determined by the sheath.

Active control expériments iri hot dense plasma could lead to more pronouriced
space-charge effects As an extreme example, we took Te =9.1keV, T =23.7k eV
afid n = 5v 104 cm In that case in order to maintain neutrality, électron emission
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Figure 9. The Potential Profile in the Sheath at Various
Emission Intensities and Ambient Densities. The sur-
face potential is floating

of ~1.6 A was required. A potential barrier on the order of hundreds of volts
wd§ obtained.

3.5 Futire Plais

The Monte-Carle dpproach is préserntly being applied to iriclude realistic back- ;
scattering and secondary efnission from both electrons and ircident iohs. These
processes are energy and material dependent. In this way, insight irito the irhpor-
tance of material properties on spucecraft chargirg will be gained.
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4 PLASMA OSCILLATIONS

f. 1 —Inweduction-

Because of the dynamic nature of the plasma, the Sheath potential may oscillate I
In time. Moving plasma particles "overshoot" their equilibrium positions ahd
undergo simple harmonic nistion. Collective oscillations are, therefore, tlosely
connected with dynamic screening. 17 The natural frequency of these colledtive
modes is the plasma frequency,

1

" =<4ne n)
Pe m,

where n i the ambient plasma density. The sheath, theérefore, i liké a resonant
cavity that oscillatés under--certain perturbations. e e e e mim e ase o e a2 s oy s e Sms o e—

4.2 Observation-of-Plasma Oscillations

Initially, we looked for plasma oscillations in the thin-sheath limit. An
ambient density of 200 em~3 and an electron-ion temperature Ty = T; = 0.2 eV
was chosen. This gives & Debye length of 0.235 m compared with 2 1 m probe
radius. The probe potential was biased at +1.0 volt. The top three curves in
Figure 10 show the sheath potential profile at 10 usec intervals. Some time-
dependence is observed but its coherent property i& not clear. The periodic
nature of the time-dependence is enhanced by plotting the potential at a constant
distance (r = 2. 60 m) from the probe surface as gshown in the bottom part of 4
Eigure 10. The local poténtial oscillates at a firefuency comparable with the
plasma frequency (“’pe = 17.99 X 10° rad/sec). The nature of this oscillation i3
further delineated by performing a computer experiment.

4.3 A Computer Experimen:

Figure 11 represents a computer experiment in which a1l the parameters
except the ambient density remadined constant. The ambient density in each curve
i8 higher by a factor of 2 compared with the curve in.imediately above it. The
points represent 10 {teration averages and the error oa.s the rms deviation from
this averdge. The observation point was takén at approxifately 16 Ajy Ay = Debyé
length) in each run. The average dnd standard deviation of the oscillation period,
48 estimdted from these plo: . \l80 given. In edch instance the 6bserved
averaged period, T, i§ Shor*  u..h the pladma period 7 = 1. 11 X 16°4/ 1 gec).

In order to estimate the osciilation wavelength, A, the ohe-dimensionial plasima

403

{
t
}
(
i
loacing
i
i
S——
i
1
e
.
4
it
B
:
j
|
Cha
!
¢
i




~
i - -
i~
298 .01 JO STUN Ul pasnsesw §1 3wy -uoy
-15ed ‘paxi} e e 39ejl0a 3y JO £10)S1Y-3WI) € S1 SAIND WO0Y AL ~SU § "6Z Sem Uoc|erajl yses aoj days
-auny Y “S[eAI3FUl DISH Q] Fe INIOIJ FR1IUDI0 Yieayg Iy} Iyouaq saandlg sa4ayy doy Iyy -0f danSig
- 30801 %4
— 9¢ € TE O B2 92 2 T2 02 ©1 91 & TH O1 B0 90 ¥O EO O
3 ) | LJ T i | T L ¥ | 1  § ) | L | LJ - L) ; °
-. . . olu ., ‘e - ® . 410
.. N . . - R . . . . . . oo . ]
-c “he . . b ° - o . 20
. o ... . A
- 90 b 80 -} 40 fe 80 ] 490
-0l x
b
wo9Ze Y 08, 01X 962 IV -«
-— (W)
LI 't .w m w m m LN O 200
4ro 0 ro
— 2o zo z0
4¢0 50 50
-“v0 0 ¥0
450 < 0 m §0 <
- 10 | 90 90 !
420 o 20
- 480 90 8o
460 60 0
W85 0l X462 ) ot 38501 X002+ 4 o1 B8y 01X 0014 o1
/0024  AOIs9A ASZ0s L WO9Zew .COO9e N |
Ft—




NE*NIsG000 T, oT; =O2ev Aivs@Oie R 80N, 9, elOV ryeim

4
790.04m 114.54,) h, *80/cc AprOd4tOom v o LUNI arc

Af s
os} 1 by it ||
ol 1 Il ”
L Ui II Il I| i, ]
g -:ft I” l% ||”|| l“?u:f a1y |||'| |||
~o2f FOR & L
-03b |

124.99m{180xg) hgel00/ Moe0.352m Ta{iOS£00PIRIO™s Ae32a,
(Y ¥ | -

Oh

|

6. .l |i ! | |

°‘°_l| Ii L f I|||” 3 T
: |

-6 I

o2t |

Vivolts)—=

'-sszmuux.) ng1200/cc ApeD.238m r-nazbbhﬂo s .-25x°
ar 1
o3} I

o.zL“ ”I I ,|| IH || ||| |H' l ‘||h

o || ’|,'I W I||II|

-0.tL

Vivolits)—

o4r

o | l| |l'| |
.l“ll || | |“|

te ZTZm(lslh‘) ng2400/¢cc Aot 0.166m Te(8.32021%10"% Ae38),
ol

“I| ||||
| LIl '| |
oot | | lll h“ l{ ‘|

Vivaite)—=

II“

-03L J
" zﬁammsx.) no+8060/¢cc lg'Olle 'r muoamo | a-zh,

i

‘l A A, I A 2 i 'y A i L i i 4
0 2 . 6 8 10 12 14 16 18 20 22 20 26 28 30 32 34 36 39
tHus) =

3-3 | ||| |

Vivelts) —=

Figure i1. Simulated Plasma Oscillations. Each curve
répresents the voltage timé-history for varioug densities.

. NE and NI are the niimber of coinputér electrons and ions
oy respectlvel% Time ls iri mferoseconds. A denotes wave-
length which equals 2%/k
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dispetraion relationi7 is used. Althiough this te derived far a cortesinn geometry,
we nsaume it also holds for the gpherieal ease in the thin sheath limit.  The rela-
tion i8

W = wpez +3(KTY K /m (3)
where
A = 2n/k, w = obsetved frequency, wp, ° plasma frequency

(kT) = méah electron enérgy
m = electron mass

k = wavéhumber .

The respective wavelengthis, as obtained from Eq. (3), are shown on the righthand
side of Figure 11. The central valuea of T were used. Results imply a wavelength
on the order of the sheath thickness (Rg - rp). Since the surface voltage is fixed
at +1. 0 volt and is close to zero at Rp, the analogy between the sheath and 4
resonant cavity is seen to be very close.

Plasma oscillatiofis are Laridau-datiped by the transfer of wave energy to
electrons traveling slightly below the wave phase velocity, Vp = w/k. To test the
present code we artificially erihanced the High energy tail of the Max vellian elec-
trofi distribution but retairied the condition 9f/dV < 0. Under these conditions the
wave amplitude shown in Figire 11 significantly decreased indicating, as expected,
enhanced damping.

The oscillations shown in Figure 11 approach the long wavelength limit,

le < 1. In that case, there is aft analytic expt'esshml'7 for the rate of damping.

It is
YPe 3 1
y= EXP [-8 - = (4)
V8 oy ( 2 " @

where y = décay rate (sec'l). wp  © electron plasma frequency. While there is
substantial fluctuation i v frofn fts sensitivity to k, the shortest decay time is
160 pséc for 1 = 800 cm=3 run. This is suffictently long so that no significant
damping s expected to be se€n iii Figure 11.

At loiig wavelengths ttie wave phase velocity, Vp. {s much greatei than the
thermal electroii velocity so that there are few electrons in the resonant region.
At shorter wavelengths (kAp ~ 1) the wave phase velocity approaches the thermal
particle velocity. The presence of many electrons in this velocity region rapidly
damps the plasma wave. Wiiile the sbove results imply the usefulness of plasma
simulation technigques in looking at collective behavior, somec caution ghould be
noted.
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the probe problem and €. P. Pike for his helpful comments. Finally,

like to thank Mary Sp4nos and Louise Peterson for their assistan
the manuscript.
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The basic problem {s that the observed oscillations tdn be either physically
stimulated or artifically driven by high frequency grid or computer "roise" that
couples to the lower frequehcy plasma oscillation by aliasing, 18 Theé computer
code should be sufficiently free from notse so that ob&erved oscillations are con-
sistent with analytic criteria. 3 The most common technique for reducing nvise is
to treat the computer particles as havirg a finite sizel9 and to periodically
smooth the distribution function {n both velocity and spatial coordinates. 20 Thesge
gophistications should delineate the origin and nature of the oscillations.

3. SUMMARY..AND_CONCLUSIONS

Agreement has been shown between a time-dependent simulation code and
steady-state solutions to the Vlasov-Poisson equations. Transient voltage rise-
times due to photoeniission were presented and gpace-charge limiting effects dig-
cussed. Finally, a computer "experiment" was prégented that showed the presence
of plasma waves. Caution is noted for possible aliaging effects.

It is concluded, based on the above results, that a sirnhulation approach is a
valuable and versatilé method for desling with complex, plasma-related space
phenémena. In particular, additional féatures can beé added as building blocks
with little modification of the existing code. Care should be taken, however, in
distinguishing between tomputer-related and physically-related effects.
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Appendix A

In this appendix the method used to simulate a Maxwellian phiotosheath is
briefly discussed. The computation time is much shorter if the speed and direction
of the emitted particles are determined rather than the individual velocity corapon-
ents. The probability, p, that the speed, U, {8 less than or equal Uo is given by

P52
p(U5U°)=}§ f e U 24y (1)
o

where U and U, are normalized to the thermal velocity, of kT/m..
One of us (GKY) has inverted Eq. A1 to give U, 45 a'function of p over the
domain 0< p< 1. 'This domain was divided.into six.intervals and six empirical..

approximations determined. Forp - 17, the approach of I-Iastitxgs1 has béen
adopted.

The semiconvergent séri¢s forp as p - 1 is

2,.
-U.“/2
. o ‘[E 1 1, 3 15
p=1-¢ Uo z <1+—U2-U4+U—6 -*Us +> (A2)
o} [o] o] o

or

2 _ ) 2 2 1
Uo --21n(1-P)+1n(U°)+1nF+1n <1+U—§)
o

substituting the lead term in the second térm and ignoring terms of order U‘.»'2

Uy~ 4§ ~21n (1-p)*1n [-2 In (1-p)] + In & 3)

wé have used

t=J-21n(1-p)+a1+a21h[-21n(1-p)] (Adg)
and

a +ap+aﬁ2+ap3
3 4 55 6 {A5)
l+a,pt+a ‘2+a 2 '

7P T agp P

Uo=t+
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Forp - 0+. the form cdn be derived formally

pd yb
p* N +_59_. _ (A6)
Let

Uo=s+c3$3+c5‘s5 . (A7)

Substituting Eq. (A7) in.Eq. (A6) gives

The second and subsequent coefficients can be set to zero by appropriate choice
of the C, (thatis, C3 = 0.1, C; = 0. 0221428571, ete.)

Thus p @ ST or 5= (5m/613 (A8)

For p - 0, substitute Eq. (A8) in Eq. (A7). In some of the intermediate intervals
of p, slightly modified analytic forms provided greatér accuracy.

Experimeérnts show that photoelectrons produted inside the materxal surface
aré emitted with a cosine distribution relative to the surface normal A second
random nuiber, q, generates the appropriate angle.

The numbers p and § are genérated by the function, RANF, resident or: the
AFGL CDC 6500. This generates random. numbers uniformly between 0 and 1,
excluding the end points. This function is a multiplicative congruential generator.
Our use of the random numbers is not affected by the limitations pointed out by
Marsaglia. 3 The "seed" for RANFE. 18 the quasirandom bit string which is gene-
rated by the computer's real time ¢lock.
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